to the direction of strong static magnetic field. resonance phenomenon depends upon the product of the strength of the applied static magnetic field nuclei of different elements, and even of different isotopes of the same element, have very different magnetic moments, and their signals are therefore found at different frequencies and can readilv be identified. The next level of disThe frequency of this nuclear magnetic The history of applications of nuclear magnetic resonance to biology and medicine is reviewed, with emphasis on medical imaging. The and the magnetic moment of the nucleus. The basic principles are presented, along with some notes on possible future developments.
INTRODUCTION
The first successful nuclear magnetic resonance (NMR) experiments in condensed matter (as opposed to those using beams of particles in high vacuum) were carried out in the laboratories of Bloch and Purcell about thirty-five years to study living tissues and entire organisms did not begin for many years. al. reported quantitative measurements on excised but functional frog muscles, and in 1967 Ligon22 studied water and fat in the arms of living humans. Jackson and Langham16 observed a hydrogen NMR signal from an entire living rat in 1968, and suggested that phosphorus and nitrogen NMR signals might be used for whole-body analyses. Differences in the NMR properties of samples of normal and malignant rat tissue were reported by Damadian5 in 1971. NMR flow measurements had originally been made by S~r y a n~~ in 1951, and were first applied to blood flow in vivo by Singer in 195gZ7.
of objects on their NMR signals had been noted from time to time, the use of that phenomenon to form images was first described by Lauterbur in 
GENERAL PRINCIPLES
Most elements have at least one reasonably abundant isotope whose nuclei are magnetic, and therefore able to absorb and emit electromagnetic energy when a weak radiofrequency magnetic field stimulates changes in their orientations relative crimination depends upon small differences in the magnetic fields at the locations of different nuclei of a given species. If these differences are caused by the electrons in the molecule containing the nucleus they give information on molecular identity and structure. caused by a known non-uniformity, or gradient, in the applied magnetic field they give information on the spatial coordinates of the nuclei. former situation gives rise to NMR spectroscopy, the latter to NMR ze~gmatography'~, or imaging.
In neither case are there any beams of particles or radiation being scattered or absorbed, nor any waves undergoing diffraction. Instead, nuclei in the entire volume within or near the loops or coils of wire that act as radiofrequency transmitting m d receiving antennae are simultaneously irradiated and subsequently observed. can then be converted, by various techniques, into spectra or images or both. of analysis, the dynamic behavior of a signal can be elicited and measured. It is characterized by "relaxation times", such as the spin-lattice relaxation time T1 and the spin-spin relaxation time T2, which depend on the motions of the nuclei and on their magnetic environments. Relaxation times can be measured for each signal in a spectrum and are often found to have different values at different locations, even in the same molecule. point in an image. tissue water, for example, have different relaxation times in different organs, and the values are sensitive to changes in tissue composition and condition. These natural differences can be selectively altered by the injection of paramagnetic compounds, NMR relaxation contrast agents2', comparable to the density contrast media used in X-ray imaging or to the radioactive tracers used to obtain emission images. 
IMAGING
The medical application of NMRmost closely analogous to existing diagnostic techniques is NMR zeugmatographic irnaging, which can produce a detailed picture very similar tQ the crosssectional scans generated by X-ray computed tomography. and lesions can be displayed at a resolution of a few millimeters when hydrogen NMR signals are used, and the contrast between one region and another comes about not only because of differences in relaxation times and in velocities of flow and other motions. The relative intensities within the images can be deliberately adjusted, within limits, because the effects of the several variables depend upon the kind of imaging device used and its mode and manner of operation. The appearance of the images and the visibility of some structures can therefore depend upon the particular NMR imaging technique chosen and the instrument settings employed, so that confusion can arise concerning the interpretation of such images and the potential of the NMR technique in general. available will permit the technology to be closely matched to specific opportunities and needs.
The outlines of organs, structures, In the long run, the many options
The most obvious differences among NMR imaging techniques are in their "scanning" modes. magnetic field gradients, the irradiation radiofrequency magnetic field and the region of sensitivity of the receiver are all nearly uniform over large volumes, such as the head, most of the effective response can be confined to the vicinity of a single point and scanned back and forth to generate an image7 ,I3. An entire line can also be scanned simultaneously, decreasing the time required to scan a plane .
A further increase in efficiency can be obtained by recording signals sirrmltaneously from an entire plane. Special methods are then required to resolve the points within such a plane so as to obtain a cross-sectional image similar to those produced by computed tomography with X-rays.
A very fast planar technique has been developed by Mansfield et imaging a plane have been developed8y11. Images of single slices can be stacked, as are X-ray (3 images, to build up a three-dimensional image so as to aid in the visualization of complex structures. A more direct and efficient procedure is to detect sinniltmeously the NMR signals fran the entire volume and to reconstruct a true threeAlthough the static magnetic field, the
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Other techniques for --dimensional imageL1. The method has been used to obtain images of isolated organs, which were displayed by the use of a shaded-surface technique", and of the heads and breasts of living humans .
Even with the most efficient imaging techniques, the total time required to obtain high spatial and intensity resolution will be of the order of minutes, so that motion will be a problem. partial solution is to synchronize the data
26
A acquisition to the heart beat and respiratory motion so as to generate a gated picture.
NMR images can be used diagnostically in the same way that X-rays and ultrasound are. Abnormalities in the shapes and sizes of organs may be detected, as well as regions within which tissue properties are in some way abnormal. intrinsic spatial resolution and intensity differences, or contrast, between adjacent regions are required for such applications. in NMR images is ultimately limited by the voltages induced in the receiver coil by the nuclei; as the resolution is increased the signals from the decreasing volume being observed are obscured by the inevitable random noise generated within the object and the apparatus. Although the concentrations of observable hydrogen nuclei may often differ by only a few percent between organs and different regions of tissue, relaxation time differences are often much larger, often reaching ratios of two or more. Such differences can be converted into comparable ratios in image intensities. NMR imaging systems, therefore, are designed to make use of relaxation time differences to enhance the clarity of the images and the rapidity with which they can be obtained. Relaxation times are of interest for other reasons as well. Extensive measurements on tissue samples9 ,17 have indicated that the actual values of T1 and T2 might be correlated well enough with malignancy or other pathology to be diagnostically useful in vitro or in vivo, although questions concernTKgEif icXy-atistical uncertainties, appropriate controls , and biophysical interpretation are still unresolved and controversia115y29~ Furthermore, paramagnetic substances may be injected to produce better relaxation time contrast, as was mentioned above.
Both
The resolution CONCLUSIONS Nuclear magnetic resonance techniques make possible new safe and non-invasive methods for the investigations of human anatomy and physiology. The instrumentation required is complex and expensive, and the techniques are at a stage of rapid and confusing proliferation and evolution. Nevertheless, the developing pattern of varied and flexible approaches to the solution of significant diagnostic problems is reminiscent of that which has characterized the increasingly important role of NMR in chemistry and biochemistry, and suggests that it will be similarly useful in medicine . A very recent summary of clinical techniques and results is to be found in 
